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INTRODUCTION

This research is based on the observation that the By isotype of tubulin is located
in the nuclei of many breast cancer cells. In contrast, it is significantly less abundant in
the nuclei of normal cells. Our aim in this research is to understand the functional
significance of the nuclear localization of Bu in breast cancer cells. We are exploring this
question by testing hypotheses, one of which is that Br has a specific interaction with the
kinetochores and facilitates the binding of spindle microtubules to these structures. We
are also approaching this issue by putting the B isotype of tubulin in a larger context,
namely, examining the functional roles of the other tubulin isotypes, analyzing the sub-
nuclear distribution of Pr, and determining the occurrence of nuclear By in a variety of
cancers.




BODY

Task 1. Immunohistochemical analysis of tubulin isotypes in the mitotic spindle of breast
cancer cells.

The aim of this task is to localize the different isotypes in the mitotic spindle of
breast cancer cells. We have decided to begin this task by using RT-PCR to measure the
expression of the different beta isotypes in MCF-7 breast cancer cells. We used primers
specific for the B, B, B, Biva, and Brvy isotypes. We found that all of these isotypes,
except for Prva, are expressed in breast cancer cells (Figure 1). The overall thrust of the
proposed research is to elucidate the function of nuclear i in breast cancer cells. It is
clear that it must function in a context that includes the Bi, Bm and Brvs isotypes. That
conclusion plays a role in framing the rest of this research.

Task 2. Development of method of purifying kinetochores from breast cancer and normal
cells.

We have been following various procedures for chromosomes from MCF-7 breast
cancer cells. This took considerably longer than anticipated, but we appear to have
finally accomplished this. We have adapted the procedure of Wordeman et al. (1). The
purified chromosomes are now beginning to be used for the experiments for Tasks 3 and
4.

Task 3. Immunohistochemical analysis of tubulin associated with kinetochores.

We have begun by treating the purified chromosomes with antibodies specific for
the different isotypes and then examining them by immunofluorescence microscopy. Our
preliminary results suggest that the tubulin that is most likely to bind to kinetochores is
Bum. This is actually in contradiction with the hypothesis underlying Tasks 3-6. We
intend to pursue diligently the experiments in Tasks 3 and 4 and undertake some rigorous
testing of the hypothesis. Nevertheless, our preliminary results raise the possibility that
our hypothesis may require alteration. Consequently, we are also doing some
experiments to collect data that would allow us to refine the underlying hypothesis or
even to frame alternative hypotheses. We are using three different approaches to attain
this end.

The first approach is to re-examine more carefully the intra-nuclear localization of
B in breast cancer cells. We had earlier stated that nuclear By was concentrated in the
nucleoli of rat kidney mesangial cells and MCF-7 breast cancer cells, but this was based
on the morphology of the nuclear staining and not on rigorous co-localization
experiments. This has now been remedied. Using two kinds of breast cancer cells, MCF-
7 and MDA-MB-435, we have shown that By co-localizes with both RNA and nucleolin
(2,3). RNA is concentrated in nucleoli and nucleolin is a nucleolar-specific antigen.
Thus, the concentration of nuclear B in the nucleoli has now been rigorously
demonstrated.




The second approach is to examine the roles of the other isotypes in MCF-7 cells,
specifically, the B, Bm and Prvs isotypes. This has led to some very clear results that are
described below:

1. Bive. We have previously reported that Byv is involved in interactions with actin
filaments. We have seen this very clearly in cultured rat kidney mesangial cells (4) and
also in A10 smooth muscle cells. When we investigated this in MCF-7 breast cancer
cells, we found that there was relatively little overlap between actin and Brv in interphase
cells although there was considerable overlap in the mitotic spindle (Figure 2). There
was little overlap between actin and By (Figure 3). This suggests that the tight
coordination between actin and microtubules, mediated by Brv, present in other cell types,
might be diminished in breast cancer cells. This may be a fruitful avenue of exploration
in the future.

2. B. We have previously reported that transfection of B; into MDCK cells inhibits cell
adhesion as a result of blocking the actin-microtubule interaction (5). We have now
transfected the Py isotype into MCF-7 breast cancer cells and measured adhesion, using
mock-transfected cells as a control. In each case, B; transfection inhibits adhesion by up
to 76% (Figure 4). We previously hypothesized that ; works by inhibiting the Brv-actin
interaction. Since MCF-7 cells have relatively little of this interaction, our results raise
the possibility that B; has a direct effect on adhesion, that need not involve Brv or perhaps
even microtubules. We also examined the effect of combretastatin A-4 phosphate on the
B; effect. We previously observed, using endothelial cells, that B; is considerably more
sensitive to this drug than is Brv. As one would predict, combretastatin A-4- phospahte
partially blocks the inhibition of adhesion due to f transfection (Figure 5).

3. Bm. This isotype lacks the cysteine residue at position 239 that is present in the other 8
isotypes. This particular residue is very easily oxidized and, when it is oxidized,
microtubule assembly is blocked (6,7). B differs from the other isotypes in that it has a
very narrow distribution (8). It is particularly concentrated in neurons (8). Interestingly,
it is also found in many tumor cells. We have hypothesized that its role in tumors may be
to protect microtubule assembly inhibition from oxidizing agents. To see if thisis a
reasonable hypothesis, we measured the levels of free radicals in three different cell lines:
A10 smooth muscle cells, that do not express B, MDA-MB-435 breast cancer cells that
have low levels of B and BT5492 breast cancer cells, that have very high levels of B
and, incidentally, are resistant to a variety of anti-mitotic drugs. Asa probe, we used 2,7-
dichlorofluorescein diacetate, that fluoresces in the presence of H,O2; although Hz0: is
not itself a free radical, it is highly reactive and is also produced from the superoxide free
radical by the action of superoxide dismutase (9). The results show clearly that the levels
of free radicals are higher in cells that are also rich in Bm (Figure 6). It may be that breast
cancer cells express By in order to protect their microtubules from free radicals. Itis also
conceivable that these cells place P in the nucleus to protect it from oxidation.



Our third approach is to widen our search for nuclear By in cancer excisions from
actual patients. Using the immunoperoxidase staining procedure, we have examined a
total of 204 excisions from patients and have found B in the nuclei of 74% of them. In
general, nuclear By is more common in tumors of epithelial origin. About 86% of breast
tumors have nuclear By This is in contrast to colon tumors, where 100% have nuclear
By, and to lymphomas, where none have nuclear By. Perhaps one of the most striking
findings that we have made is that, in breast cancer metastases, the metastatic cancer cells
influence the nearby lymphocytes to produce nuclear Bu (Figure 7). This implies the
existence of a factor produced by the cancer cells that affects the nearby cells. We are
considering using a microarray approach to identify the pathways involved in localizing
B to the nuclei; it is likely that an understanding of this localization mechanism would
also explain the function of nuclear Pu.

The following tasks were originally planned to be undertaken in the last two years. They
have not yet been commenced.

Task 4. Measurement of tubulin isotype binding to kinetochores.

Task 5. Measurement of ability of chromosomes to nucleate assembly of tubulin
isotypes.

Task 6. Determination of the ability of chromosomes to capture microtubules made of
isotypically purified tubulin.

Task 7. To determine the effect of inhibitors of tyrosine kinase on nuclear localization of
tubulin.




KEY RESEARCH ACCOMPLISHMENTS

The B-tubulin isotypes that are expressed in MCF-7 breast cancer cells are By, P,
B, and Prve,

In MCE-7 breast cancer cells and MDA-MB-435 breast cancer cells, B is
specifically concentrated in the nucleoli as shown by co-localization with RNA
and a nucleolar antigen.

The Brv isotype does not interact with actin filaments as strongly in MCF-7
breast cancer cells as it does in other cell types.

B: transfection into MCF-7 breast cancer cells inhibits cell adhesion.

B expression in breast cancer cells may be correlated with free radical levels in
the cells.

74% of cancers have nuclear Pr; 86% of breast cancers have nuclear Bi.

Breast cancer cells stimulate nearby, otherwise normal, cells to generate nuclear

BII-
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CONCLUSIONS

We have found that, in addition to By, MCF-7 breast cancer cells also express the
B, B, and Brvy isotypes of tubulin. The By isotype is particularly concentrated in the
nucleoli of these cells. Nuclear B is found in 74% of all cancers examined, and in 86%
of breast cancers. The Prv isotype, that normally interacts with actin filaments in other
cells, does not appear to do so to the same extent in MCF-7 cells. The P isotype appears
to inhibit actin-microtubule interactions in these cells, however. Bur expression in breast
cancer cells may be correlated with free radical levels in these cells and may be involved
in protecting the microtubules from oxidizing reagents. We have also found that breast
cancer cells stimulate nearby, otherwise normal, cells to generate nuclear Bir.

Our results have some potential implications with respect to cancers. First, the
differences we have observed between normal and cancerous cells (less Prv-actin
interaction in cancer cells, nuclear localization of By in cancer cells) open new avenues to
better understanding of the unique biology of cancer cells that could in turn allow the
development of novel therapeutic modalities. Second, the possible role played by the P
isotype in protecting the microtubules of cancer cells from oxidation highlights the
importance of designing a Bm-specific drug as an anti-tumor agent. Third, the finding
that cancer cells can stimulate otherwise normal nearby cells to generate nuclear By has
great implications for cancer diagnosis. For example, a biopsy might miss the cancer
itself, but if it detects these alterations in adjacent cells, it may detect the cancer
indirectly.
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ABSTRACT

Microtubules are cylindrical organelles that play critical roles in ce'11 division.
Their subunit protein, tubulin, is a target for various anti-tumor drugs. Tubulin exists as
various forms, known as isotypes. In most normal cells, tubulin occurs only in the
cytosol and not in the nucleus. However, we have recently reported the finding of the Bi
isotype of tubulin in the nuclei of cultured rat kidney mesangial cells (Walss, C,,
Kreisberg, JI. and Luduefia, RF. Cell Motil. Cytoskeleton. 42: 274-284, 1999).
Mesangial cells, unlike most normal cell lines, have the ability to proliferate rapidly in
culture. In efforts to determine if nuclear By-tubulin occurred in other cell lines, we
examined the distribution of the B, By and Brv mammalian tubulin isotypes in a variety of
normal and cancer human cell lines by immunofluorescence microscopy. We have found
that, in the normal cell lines, all three isotypes are present only in the cytoplasm.
However, the By isotype of tubulin is located, not only in the cytoplasm, but also in the
nuclei of the following cell lines: LNCaP prostate carcinoma, MCF-7, MDA and Calc18
breast carcinoma, C6 and T98G glioma, and HeLa cells. In contrast, the B and Brv-
isotypes, which are also synthesized in cancer cells, are not localized to the nucleus but
are restricted to the cytoplasm. We have also seen Py in breast cancer excisions. In most
of these cells, Bi appears to be concentrated in the nucleoli. These results suggest that
transformation may lead to localization of Py-tubulin in cell nuclei, serving an as yet
unknown function, and that nuclear By may be a useful marker for detection of tumor

cells.
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INTRODUCTION

A fundamental fact about cancer is that cancer cells are our own cells
misbehaving. They are not really alien cells. Most anti-cancer drugs target cell division,
a process that is faster in cancer cells than in most normal cells. The problem, however,
is that certain normal cells, such as those of the bone marrow, also divide fairly rapidly.
Hence, the agents of chemotherapy have serious side effects, which limit their use.
Therefore, the challenge for cancer chemotherapy is to find a drug that attacks cancer
cells but not normal cells.

Microtubules, made of the protein tubulin, are organelles that play a critical role
in mitosis; they attach to chromosomes as they line up in metaphase and help move them
into the daughter cells (Hyams and Lloyd 1994). For this reason, the protein tubulin is a
major target for anti-tumor drugs such as vinblastine and taxol (Wilson and Jordan 1994).
Nevertheless, these drugs do not discriminate between normal and cancer cells, both of
which contain tubulin, and therefore have serious side effects and limitations.

The tubulin protein is made of two subunits, o and B (Hyams and Lloyd 1994).
These subunits exist as numerous isotypes, which differ in their tissue and subcellular
localization, as well as in their interaction with anti-tumor drugs (Luduefia 1998). We
have previously found that the By isotype of tubulin is present in the nuclei of rat kidney
mesangial cells (Walss et al. 1999). In order to determine whether this finding was an
isolated incident, or occurred in other cell types, we have now examined the intracellular
distribution of the vertebrate B-tubulin isotypes Bi, Buand Prv in several cultured human
cell lines, both normal and cancerous. We have found that the Bp-isotype of tubulin is

present in the nuclei of all the cancer cells investigated, but is absent from the nuclei of




most of the normal cells. In the nuclei By is particularly concentrated in the nucleoli.
These results suggest that transformation may lead to localization of By in cell nuclei,
serving an as yet unknown function. Furthermore, nuclear B may be a useful marker for
detection of tumor cells and may serve as a target for anti-tumor drugs, such as taxol and
vinblastine, to selectively attack cancer cells. Despite the fact that microtubules are
generally considered to be purely cytoplasmic organelles, there have been a few previous
reports of tubulin in the nucleus (Menko and Tan 1980; Armbruster et al. 1983,
Ranganathan et al. 1997), although no function has been proposed for such tubulin. Our

results raise the possibility that nuclear tubulin may lend itself to proliferation or

transformation.




MATERIALS AND METHODS

Source of cells and antibodies. The HDF human dermal fibroblasts were a kind
gift from Dr. Eugene Sprague (University of Texas Health Science Center at San
Antonio (UTHSCSA), San Antonio, TX). The 506 smooth muscle cells from human
colon and the HSK fibroblasts from baby foreskin were a kind gift from Dr. Mary Pat
Moyer. (UTHSCSA). The osteoblasts were a kind gift from Dr. John Lee (UTHSCSA).
The MCF-10F breast epithelial cells, the LNCaP prostate carcinoma cells, as well as the
MCEF-7, and MDA breast carcinoma cells were a kind gift from Dr. Nandini Chaudhuri
(UTHSCSA). The Calc 18 breast carcinoma cell line was a kind gift from Dr. Jean-
Frangois Riou, Rhone-Poulenc, Paris, France. MDA cells used in confocal microscopy
experiments were a kind gift from Dr. Susan Mooberry, Southwest Foundation for
Biomedical Research, who also gave us the HeLa cells. C6 and T98G glioma cells were
kindly provided to us by Dr. Martin Adamo of the Department of Biochemistry,
University of Texas Health Science Center, San Antonio, TX. Fluorescein-colchicine,
fluorescein and acridine orange were from Molecular Probes, Eugene, OR.

Excisions of mammary adenocarcinomas were provided by the Department of
Anapathology, Hopital St. Louis, Paris, France.

The monoclonal antibodies SAP.4G5, JDR.3B8, and ONS.1A6 specific,
respectively, for the B;, Bu, and PBrv isotypes of tubulin were prepared as previously
described (Banerjee et al. 1988, 1992; Roach et al. 1998).

Immunofluorescence microscopy. All cells were grown to near confluency on
glass coverslips at 37 °C and 5% CO,. Cells were then washed twice with PBS® (0.15M

NaCl, 0.0027 M KCl, 0.00147M KH,PO4, 0.0IM NaHPO,, pH 7.2), fixed for 15 min




with 3.7 % paraformaldehyde at room temperature and permeabilized for 1 min with
0.5% Triton X-100 in PBS. Cells were then incubated at 4 °C ovemight with the
respective isotype-specific monoclonal IgG mouse antibody (anti-B;, 0.05 mg/ml; anti-By,
0.03 mg/ml; anti-Byv, 0.08) diluted in PBS containing 10% normal goat serum (Jackson
Immunoresearch, West Grove, PA). Cells were rinsed in PBS and labeled with Cy3-
conjugated goat anti-mouse antibody (1:100, Jackson Immunoresearch) for 1 hr at room
temperature. Cells were then rinsed three times with PBS. For DNA detection, cells
were stained with DAPI®, (Molecular Probes, Eugene OR.), (2 u/ml in PBS) during the
last wash with PBS after incubation with the secondary antibody. Coverslips were
mounted on glass slides and examined with a Zeiss epifluorescence photomicroscope
using a Plan-Neufluar 63x oil objective. In experiments involving fluorescein-colchicine
or fluorescein, cells were incubated in the dark with the reagent for 2 hours, then
mounted on glass slides and examined. If co-localization with RNA was to be examined,
the cells were incubated immediately after fluorescein-colchicine treatment with acridine
orange (10 mg/ml) in PBS at roome temperature for 5 min. Cells were then washed with
PBS and mounted on a glass slide for examination. Immunofluorescence microcopy was
performed either on an Olympus Fluoview laser scanning confocal microscope or on a
Zeiss epifluoresncence photomicroscope.

Immunoperoxidase staining. Tumors were fixed in formol and embedded in
paraffin. Sections (60 1) were obtained, placed on slides and treated with xylene to
remove paraffin and with ethanol solutions from 100% to 70% to rehydrate the sections.
The epitopes were restored in a microwave oven set at 680W by the method of Cattoretti

et al (1993) (3 x S-minutes in 1 M Na citrate, pH 6.8. Endogenous peroxidases were




inhibited by treatment with 3% H;0, for 30 minutes. Phosphate-buffered saline
containing 10% fetal calf serum was used as both the blocking buffer and the antibody
dilution buffer. Slides were incubated with anti-By (1:2000) overnight at 4. °C followed
by incubation with biotinylated secondary antibody for 40 minutes at room temperature.
Signal amplification was provided by treatment with streptavidin-peroxidase complex
(Strept ABC kit, DAKO, Trappes, France). The signal was detected by a colorimetric
method using AminoEthylCarbazol (Sigma Aldrich, St. Quentin Falavier, France).
Samples were photographed with a tri-CCD camera (LH750 RC3, Lhesa Electronic
Systems).

In situ cell fractionation. LNCaP? cells, grown on glass coverslips, were washed
twice with ice-cold PBS and incubated on ice for 5 min with cold cytoskeleton buffer (10
mM PIPES®, pH 6.8, 300 mM sucrose, 100 mM NaCl, 3 mM MgCl,, 1 mM EGTA’, 1%
Triton X-100, 1.2 mM PMSF’, 0.1% aprotinin, 0.1% pepstatin A, 1% vanadyl
ribonucleoside complex). This procedure removes all soluble cytoplasmic and
nucleoplasmic proteins. This was followed by 5 min incubation on ice with double
detergent buffer (10 mM Tris-HCIL, pH 7.4, 10 mM NaCl, 3 mM MgCl,, 0.5%
deoxycholate, 1% Tween-40, 1.2 mM PMSF, 0.1% aprotinin, 0.1% pepstatin A, 1%
vanady! ribonucleoside complex), which removes all cytoskeletal proteins, except the
intermediate filaments that remain tightly associated with the nucleus. Cells prepared
this way are the cytosol-extracted cells. For nuclear matrix preparations, these cells were
further incubated at room temperature for 1 hr in cytoskeleton-50 buffer (same as above
except with 50 mM NaCl instead of 100 mM) containing 100 pg/ml of DNAse I (Sigma

Chemical Co., St. Louis, MO.). The chromatin was then removed by adding 2M




(NH,),SO4 dropwise to a final concentration of 0.25 M. What is left behind is the nuclear
matrix structure and the intermediate filaments (Fey et al. 1984). Cells were then fixed
with 3.7% paraformaldehyde in cytoskeleton buffer and treated as in. the regular
immunofluorescence procedure. For DNA detection, cells were stained with DAPI, (2
pl/ml in PBS) during the last wash with PBS after incubation with the secondary
antibody. Removal of chromatin in the nuclear matrix preparations was monitored in this
way. For blocking experiments, primary antibodies were incubated with a 200-fold
excess of the respective peptide for 30 min at room temperature, prior to incubation with

fixed and permeabilized cells.
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RESULTS

We have examined the intracellular distribution of the Bi, Pfn and ﬁrv tubulin
isotypes by indirect immunofluorescence on 5 different cultured normal human cell lines:
HDF human dermal fibroblasts, HSK fibroblasts from baby foreskin, MCF-10F breast
endothelial cells, osteoblasts, and 506 smooth muscle cells. In each case, the Bi- and Bv -
tubulin isotypes were found in the cytosol, as part of the microtubule network (Fig. 14,
D, G,J,Mfor Biand C, F, I, L, O for By). The same was seen for By-tubulin in these cell
lines (Fig. 1B, E, H, K, N). In addition, in the smooth muscle cells, By-tubulin appeared
to be present in the centrosomes (Fig. 1NV). In no case were any of the isotypes, including
By, found in the nuclei, as no nuclear fluorescence was observed in any of the cell lines
investigated.

The presence of By-tubulin in the nuclei was detected by labeling with anti-By in
all the cancer cell lines investigated. These include LNCaP prostate carcinoma and three
types of breast carcinoma: MCF-7, MDA and Calc 18 cell lines (Fig. 2B, E, H, J). In the
LNCaP, MCF-7 and MDA cells, the nucleus was almost indistinguishable from the
cytosol; the whole cell appeared to be stained equally with anti-By (Fig. 25, E, H).
Comparison of the nuclear staining by anti-By in these cells with that of DAPI, which
shows the position of the nuclei, reveals that anti-By does in fact stain the nucleus in
LNCaP, MCF-7 and MDA cells (not shown). In contrast, in the Calc 18 cells, the cytosol
was labeled only weakly by anti-By, while the nuclear labeling was very strong (Fig. 2 J).
The intra-nuclear distribution of Bp-tubulin appeared to be the same in all the cancer
cells. The pattern of nuclear fluorescence was homogenous within the nucleus, except for

the Calc 18 cells, in which there appeared to be no By staining in the nucleoli (Fig. 2J).
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Some of the MCF-7 cells may also have had less staining in the nucleoli than in the rest
of the nuclei (Fig. 2E). The Bi- and v -isotypes were found only in the cytogol, as part
of the interphase microtubule network, of each of the cancer cells investigated (Fig. 24,
D, G for By and C, F, I for B).

To determine the sub-nuclear localization of By-tubulin, in situ cell fractionation
was performed in LNCaP cells. Removal of the soluble cytoplasmic and nucleoplasmic
proteins by detergent extraction did not cause the nuclear fluorescence, obtained by
staining with anti-By, to disappear (Fig. 34). Furthermore, nuclear fluorescence was still
detected after chromatin and chromatin-associated proteins were removed by DNAse
digestion (Fig. 3C). In these cells, B appeared to accumulate in the nucleolar remnants.
These results suggest that By-tubulin is part of the nuclear matrix in LNCaP cells. Pre-
incubation of anti-By; with its peptide epitope inhibited the nuclear fluorescence in both
the cytosol-extracted and the nuclear matrix preparations, indicating that nuclear
fluorescence obtained in these cells was due to specific binding of the antibody to Bn-
tubulin (Fig. 3E, G).

The results obtained with LNCaP cells suggested that By-tubulin is concentrated
in their nucleoli. Although the morphology of the By-containing structures suggested that
they were nucleoli, independent evidence for this was desirable. Since nucleoli are rich
in RNA, we used acridine orange, a stain for RNA, to see if the By-tubulin co-localized
with RNA in a variety of cancer cells (Fig. 4). These included C6 glioma (Fig. 44,8,C),
T98G glioma (Fig. 4D, E, F), MCF-7 breast cancer (Fig. 4G, H, I), MDA breast cancer

(Fig. 4J, K, L), and HeLa cells (Fig. 4M, N, O). We used confocal microscopy to have a
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clearer picture of the putative nucleoli. The results indicate that Bp-tubulin co-localizes
almost perfectly with the RNA clusters in the nucleoli.

The above results imply that By-tubulin is located in the nucleoli of a variety of
cultured cancer cells, but they do not address the question of whether By is in a functional
state. One way to address this possibility, as was previously done with By-tubulin in
cultured rat kidney mesangial cells (Walss et al. 1999), is to see if it binds to colchicine.
Accordingly, the same panel of cancer cells used in Fig. 4 was incubated with
fluorescein-colchicine and then stained with acridine orange to identify the RNA. As
seen in Fig. 5, the fluorescein-colchicine and acridine orange consistently co-localize. In
order to eliminate the possibility that fluorescein-colchicine somehow has a particular
affinity for nuclei and/or nucleoli, fetal rat calvaria cells, known to lack By-tubulin, were
incubated with fluorescein-colchicine; no nuclear accumulation of fluorescence was seen
(not shown). The results in Fig. 5 indicate that the nucleolar By-tubulin is in its native
state, capable of binding colchicine, and is presumably in the form of an of}y dimer.

In this study we have examined a variety of cultured cells, some transformed and
some not. The transformed cells we have examined contains nuclear By, whereas few of
the non-transformed do. Although based on a small sample, our results raise the
possibility that cancer cells are more likely to contain nuclear By. It is possible, however,
that nuclear By is some kind of artifact arising from growing cells in culture, an artifact
conceivably more likely to occur with transformed cells. In order to see if By-tubulin can
occur in the nuclei of cancer cells in sifu, we examined mammary adenocarcinomas from

two patients with breast cancer (Fig. 6). Immunoperoxidase staining reveals that Py
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occurs in the nuclei of the cancer cells; higher magnification shows that B appears to be

concentrated in small intra-nuclear bodies that may be nucleoli (Fig. 6).




14

DISCUSSION

In the work described here, we have examined a total of seven cancer cell lines,
all of which appear to contain the By isotype of tubulin in their nuclei. We also see Py in
the nuclei of adenocarcinoma cells in breast cancer excisions. We examined five non-
transformed cell lines and found that none of them contain nuclear By. In previous work,
however, we found that the non-transformed rat kidney mesangial cells contained nuclear
Bu (Walss et al., 1999) as do Rat-1 fibroblasts (Prasad and Luduefia, unpublished results)
but not MDCK epithelial cells (Modig and Luduefia, unpublished results). Similarly,
Ranganathan et al. (1997) have found By-tubulin in the nuclei of prostate carcinoma as
well as in adjacent areas of benign prostate hypertrophy. There have also been some
early reports of nuclear tubulin that were not followed up. Menko and Tan (1980)
purified tubulin from the nuclei of 313 cells and showed that it bound to colchicine,
while Armbruster et al. (1983) demonstrated its presence in the nuclei of Chinese hamster
ovary cells by immunogold staining. In brief, the results presented here as well as those
of Ranganathan et al. (1997) raise the possibility that localization of tubulin in the
nucleus may be a phenomenon that is more likely to occur in cancer cells.

Our initial discovery of nuclear By-tubulin was in rat kidney mesangial cells,
obtained from a non-transformed primary cell line. Although these cells are not
cancerous, they grow very quickly in culture. Mesangial cells are known to maintain a
basal proliferation rate in vifro, even in the absence of exogenous mitogens (Floege et al.
1990). This is most likely due to the fact that these cells self-produce growth factors such
as PDGF, (Abboud et al.1987), and IL-13, (Mene et al. 1989), and in this way undergo

autocrine-mediated proliferation in vitro (Floege et al. 1991a). Furthermore, cultured
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mesangial cells are commonly maintained in the presence of 20% fetal calf serum, of
which PDGEF is the principal mitogen (Floege et al. 1991b). PDGF is known to be the
most potent mitogen for cultured mesangial cells, as it has been shown to increase the
thymidine incorporation rate in these cells by 10-15 fold (Floege et al. 1991b). This
explains the rapid proliferation of mesangial cells in vifro, in contrast to normal
mesangial cells in vivo, which are almost non-proliferative (Pabst and Sterzel, 1983), and
have been shown to proliferate rapidly only in cases of renal glomerular injury or disease
(Schocklmann et al. 1999). Considering these facts, together with our present finding of
Bu-tubulin in the nuclei of cultured cancer cells, we hypothesize that nuclear By-tubulin
may play a role in assisting rapid cell proliferation. This would explain the finding of Bn
inside the nuclei of cancer cells but not normal cells. It is possible that other normal cells
that proliferate rapidly may also contain By in their nuclei.

The By isotype of tubulin has been found to be part of the nuclear matrix in
mesangial cells and also has been shown to accumulate in the nucleolus. We now show
that this is also the case for By-tubulin in various cancer cells; nuclear fluorescence due to
anti-By staining was detected in the nuclear matrix and the nucleolar remnants after
chromatin digestion. The fact that tubulin has been reported to interact with chromatin in
vitro (Mithieux et al. 1984,1986) could be related to the functions of By in the nucleolus
and the nuclear matrix. In the former case, Bu could be binding to the DNA regions,
which contain the ribosomal RNA genes, whereas in the latter situation it could be
functioning as a chromosomal scaffold. Interestingly, it is known that the anti-tubulin
drug vinblastine affects biochemical processes that are seemingly unrelated to tubulin,

such as DNA and RNA synthesis (Creasey 1968; Bernstam et al. 1980). It is possible
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that its effects on these processes could occur through an interaction with nuclear By-
tubulin.

We have shown that Bu-tubulin accumulates preferentially in the nuclei of cancer
cells. Perhaps its role in the nucleus is to accelerate DNA and RNA synthesis and
therefore facilitate proliferation. Alternatively, nuclear B may have no specific nuclear
function, but rather a unique and as yet unknown function in the mitotic spindle; its
location in the nucleus, therefore, may allow it to act quickly when mitosis begins. If
either hypothesis were correct, it makes sense that nuclear By would be needed more in
cancer cells, to assist rapid cell proliferation. In conclusion, one may speculate that
nuclear B may become an interesting and novel target for cancer chemotherapy; a
tubulin-specific drug whose major effects are on cancer cells would be very exciting.

Although our results suggest, as argued above, that there is a correlation between
transformation and the presence of nuclear By, there is another correlation that needs to
be considered. Of the seven cancer cell lines, used in this study, four were from tumors
of epithelial origin. Of the non-transformed cell lines we have used here, as well as those
used by Menko and Tan (1980), Armbruster et al. (1983), and Walss et al. (1999), seven
were of epithelial origin. Grouping the results according to epithelial origin, we find that
7 out of 8 cell lines of epithelial origin have nuclear By, whereas that is true for only 4 out
of 9 cell lines of non-epithelial origin. This is comparable to the presence of nuclear By
in 7 out of 7 transformed cell lines and 4 out of 10 non-transformed cell lines. It is quite
possible that nuclear localization of By is more likely to occur in transformed cells,
particularly if they are of epithelial origin. Further investigation may clarify these

relationships.
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FIGURE LEGENDS

Fig. 1. Detection of the tubulin B-isotypes, B1, Bu and Bv in cultured normal hqman cells.
(4, D, G, J, M), Cells treated with anti-B; by indirect inmunfluorescence. (B,.E, H, K, N),
Cells treated with anti-By by indirect immunofluorescence. (C, F, I, L, O), Cells treated
with anti-Byy by indirect immunfluorescence. (4-C), Human dermal fibroblasts. (D-F),
HSK fibroblasts. (G-I), MCE-10F breast endothelial cells. (J-L), Osteoblasts. (M-0),
506 smooth muscle cells. Bar = 28 p. The one cell in panel K where By appears to be
concentrated in the area of the nucleus is actually a mitotic cell in prophase.

Fig. 2. Occurrence of By-tubulin in the nuclei of cultured human cancer cells. (4, D, G),
Cells treated with anti-B; by indirect immunfluorescence. (B, E, H, J), Cells treated with
anti-By by indirect immunofluorescence. (C, F, ), Cells treated with anti-Brv by indirect
immunofluorescence. (4-C), LNCaP prostate carcinoma cells. (D-F), MCF-7 breast
carcinoma cells. (G-I), MDA breast carcinoma cells. ( J), Calc 18 breast carcinoma
cells. Bar = 28 p.

Fig. 3. Subcellular localization of By-tubulin in LNCaP cells. (4), Cytosol-extracted
cells treated with anti-By. (B), Same cells as in A, stained with DAPI. (C), Cytosol- and
chromatin-extracted cells treated with anti-By. (D), Same cells as in C, stained with
DAPI. The almost complete absence of fluorescence indicates that most of the chromatin
was successfully removed. (E), Cytosol-extracted cells treated with anti-B<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>